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•  Injection  molded  bipolar  plates  are  evaluated  for  all-vanadium  redox  flow  battery. 

•  Carbon  nanotubes  possess  promising  features  as  secondary  conductive  filler. 

•  Titanate  coupling  agent  increases  the  electrical  conductivity  of  bipolar  plates. 

•  Developed  bipolar  plates  show  favorable  surface  structures  for  redox  reactions. 
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In  this  study,  synthetic  graphite  and  carbon  nanotube  (CNT)  filled  polyphenylene  sulfide  (PPS)  based 
bipolar  plates  are  produced  by  using  co-rotating  twin-screw  extruder  and  injection  molding.  Graphite  is 
the  main  conductive  filler  and  CNTs  are  used  as  bridging  filler  between  graphite  particles.  To  improve  the 
dispersion  of  the  fillers  and  the  flow  behavior  of  the  composite,  titanate  coupling  agent  (KR-TTS)  is  used. 
The  concentration  effect  of  CNTs  and  coupling  agent  on  the  properties  of  bipolar  plates  are  examined.  At 
72.5  wt.%  total  conductive  filler  concentration,  by  addition  of  2.5  wt.%  CNT  and  3  wt.%  KR-TTS;  through- 
plane  and  in-plane  electrical  conductivities  increase  from  1.42  S  cm-1  to  20  S  cm-1  and  6.4  S  cm-1  to 
57.3  S  cm-1  respectively  compared  to  sample  without  CNTs  and  additive.  Extruder  torque  value  and 
apparent  viscosity  of  samples  decrease  significantly  with  coupling  agent  and  as  a  result;  the  flow 
behavior  is  positively  affected.  Flexural  strength  is  improved  15%  by  addition  of  1.25  wt.%  CNT.  Differ¬ 
ential  scanning  calorimeter  (DSC)  analysis  shows  nucleating  effect  of  conductive  fillers  on  PPS  matrix. 
Corrosion  measurements,  cyclic  voltammetry  and  galvanostatic  charge— discharge  tests  are  performed  to 
examine  the  electrochemical  stability  and  the  performance  of  produced  bipolar  plates  in  all-vanadium 
redox  flow  battery. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All-vanadium  redox  flow  battery  (VRFB)  is  a  secondary  type 
battery  which  uses  the  electrolyte  of  vanadium  (V)  element  in  both 
half-cells  [1].  It  was  invented  almost  three  decades  ago  and  has 
gained  considerable  attention  and  used  in  applications  such  as; 
uninterruptible  power  supply,  battery  for  wind  turbine  generator, 
load  leveling  of  electrical  power  stations  and  remote  area  power 
sources  due  to  its  highly  efficient  and  reliable  energy  storage 
characteristics  [2].  In  VRFB,  on  the  contrary  to  conventional  batte¬ 
ries,  electrolyte  is  stored  in  tanks  and  pumped  into  the  related 
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half-cells.  This  design  gives  opportunity  to  the  control  of  power 
density  and  energy  density  independently.  While  the  higher  vol¬ 
ume  and  concentration  of  the  electrolyte  are  increasing  the  energy 
density,  power  density  is  dependent  on  the  surface  area  of  the 
electrode  and  the  reaction  rate  on  the  electrode  surface  [3]. 
Oxidation  and  reduction  reactions  occur  on  the  surface  of  porous 
carbon-electrode  and  the  H+  ion  balance  between  half-cells  is 
controlled  by  the  proton  exchange  membrane.  Produced  electrons 
are  transferred  to  the  following  cell  or  out  of  the  battery  to  com¬ 
plete  the  circuit  by  bipolar  plates.  The  anode  and  cathode  reactions 
of  VRFB  are  as  follows  and  standard  electrode  potentials  are  given 
vs.  reversible  hydrogen  electrode  (RHE): 


Anode:  v2+«V3++e-  E°  =  -0.26  V  vs.  RHE  (1) 
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Cathode:  V02+  +  H20«V0j  +  e-+2H+  E°  =  l.OOVvs.RHE 

(2) 

Bipolar  plates  are  one  of  the  main  components  of  VRFB.  They 
should  possess  high  electrical  conductivity,  good  mechanical  sta¬ 
bility,  corrosion  resistance  and  electrochemical  durability  in  the 
electrolyte  [4].  Polymer  based  conductive  composites  are  promising 
materials  for  the  production  of  bipolar  plates.  Due  to  their  structural 
stability  against  acidic  medium  of  the  electrolyte,  they  do  not  de¬ 
mand  protective  layer  deposition  unlike  metallic  bipolar  plates. 
Polymeric  composites  are  produced  in  relatively  short  cycle  times 
by  processes  like  injection  molding  and  machining  of  proper  final 
structures  costs  less  time  and  capital  compared  to  carbon-carbon 
composites.  As  polymer  matrix  itself  is  an  insulator,  the  main  afford 
is  given  to  increase  the  electrical  conductivity  of  composites  by 
addition  of  conductive  fillers  such  as  graphite  [5]  carbon  fiber  [6], 
carbon  black  [7]  and  carbon  nano  tubes  [6].  Dispersion  and  distri¬ 
bution  of  fillers,  their  aspect  ratio,  purity  and  the  interaction  be¬ 
tween  filler  and  polymer  matrix  are  crucial  to  have  high  electrical 
conductivity  and  good  mechanical  properties.  Carbon  fibers  and 
carbon  nanotubes  have  lower  percolation  thresholds  due  to  their 
high  aspect  ratios  however  graphite  and  carbon  black  filled  poly¬ 
mers  need  more  filler  to  achieve  certain  electrical  conductivities  [6]. 
Fillers  like  carbon  nanotubes  tend  to  agglomerate  due  to  their  van 
der  Waals  forces  between  individual  particles  therefore,  to  benefit 
from  their  unique  properties,  they  must  be  well-dispersed  inside 
the  polymer.  This  may  be  achieved  by  optimizing  process  parame¬ 
ters  of  compounding  8]  or  using  suitable  additives  to  increase  the 
interaction  between  the  filler  and  the  polymer  [9]. 

In  this  study,  polyphenylene  sulfide  was  selected  as  the  matrix 
material  due  to  its  higher  stability  in  acidic  medium  and  possibility 
to  be  used  in  high-temperature  applications.  Synthetic  graphite 
was  the  main  filler  with  spherical  particle  shape  to  obtain  isotropic 
electrical  properties.  Carbon  nanotubes  were  chosen  as  secondary 
filler  to  act  as  bridge  between  graphite  particles  to  improve  espe¬ 
cially  electrical  conductivity  of  bipolar  plates.  Titanate  based 
monoalkoxy  coupling  agent  was  used  to  decrease  the  overall  vis¬ 
cosity  of  the  composites  to  ensure  the  breakage  of  CNT  agglomer¬ 
ates  and  to  facilitate  the  processing  of  mixture  both  in  extruder  and 
injection  molding. 

2.  Experimental 

2  A.  Materials 

Polyphenylene  sulfide  (PPS)  was  Ryton  V-l  grade  commercial 
polymer  from  Chevron  Phillips  with  melt  flow  5000  g  10  min-1.  PPS 
was  used  in  powder  form.  Synthetic  graphite  with  low  anisotropy 
in  particle  shape,  KS5-75TT  (d90  =  70  pm)  was  purchased  from 
TIMCAL  Graphite  &  Carbon.  NC7000  grade  multi-wall  carbon 
nanotubes  (average  diameter  =  9.5  nm,  average  length  =  1.5  pm, 
90%  carbon  purity)  was  obtained  from  Nanocyl,  Belgium.  KR-TTS, 
titanate-based  monoalkoxy  coupling  agent  (Titanium  IV  2- 
propanolato,  tris  isooctadecanoato-O)  was  supplied  from  Kenrich 
Petrochemicals,  Inc.  Conventional  bipolar  plate  from  Schunk 
Company  (FU  4369)  with  a  thermoset  binder  was  used  as  a  com¬ 
mercial  reference  for  the  produced  bipolar  plates.  According  to  the 
data  sheet,  FU4369  grade  bipolar  plate  has  in-plane  electrical 
conductivity  of  111  S  cm-1  and  through-plane  electrical  conduc¬ 
tivity  of  53  S  cm-1. 

2.2.  Production  of  bipolar  plates 

Polyphenylene  sulfide  was  dry  mixed  with  conductive  fillers 
and  coupling  agent  in  two  steps.  In  the  first  step,  PPS  was  filled  into 


Table  1 

The  composition  of  produced  bipolar  plates. 


Samples 

PPS  wt.% 

Graphite  wt.% 

CNT  wt.% 

Titanate  wt.% 

S-l 

27.5 

72.5 

0 

0 

S-2 

27.5 

71.25 

1.25 

0 

S-3 

27.5 

70 

2.5 

0 

S-4 

24.5 

72.5 

0 

3 

S-5 

24.5 

71.25 

1.25 

3 

S-6 

24.5 

70 

2.5 

3 

a  Papenmeier  mixer  and  the  3  wt.%  coupling  agent  was  added  by 
direct  syringing  on  the  dry  polymer  for  samples  S-4  to  S-6.  To 
obtain  homogenous  dispersion  of  coupling  agent  into  PPS  matrix, 
they  were  mixed  during  8  min  at  1000  rpm.  Secondly,  samples  with 
coupling  agent  and  the  pure  PPS  were  filled  into  plastic  bags  and 
the  calculated  amount  of  graphite  and  carbon  nanotubes  were 
added  separately.  The  final  mixture  was  prepared  by  hand-mixing. 
Total  filler  concentration  was  fixed  to  72.5  wt.%  in  order  to  avoid  the 
negative  effects  of  high  viscosity  in  injection  molding.  Graphite  was 
substituted  with  by  CNTs  at  different  concentrations:  0,  1.25  and 
2.5  wt.%.  The  compositions  of  the  produced  bipolar  plates  are  given 
in  Table  1.  The  prepared  masterbatches  were  processed  with 
Berstroff  ZE  25  x  48D  co-rotating  twin-screw  extruder  with 
2.5  kg  h-1  throughput  and  300  rpm  screw  speed.  Temperature 
profile  was:  60  °C-315  °C-320  °C,  at  feeding,  mixing  and  die 
respectively.  Granules  were  collected  into  water-bath  and  dried  in 
vacuum-oven  overnight.  To  produce  bipolar  plates;  granules  were 
fed  into  the  hopper  of  Demag  Ergotech  100/420-120  El-Exis  S  type 
injection  molding  machine.  Plates  were  injected  into  a  mold  cavity 
with  600  mm  s-1  injection  speed  and  mold  temperature  was  held 
at  140  °C.  The  temperature  profile  of  barrel  was;  345-340-340- 
330  °C  from  feeding  through  the  die.  Bipolar  plates  were  produced 
in  the  size  of  100  mm  x  100  mm  x  3  mm.  Specimens  for  electrical, 
mechanical  and  electrochemical  tests  were  prepared  by  laboratory 
scale,  water-cooled  saw. 

2.3.  Characterization  of  bipolar  plates 

Electrical  conductivity  of  samples  was  tested  both  in  through- 
plane  and  in-plane  (bulk)  directions.  In-plane  electrical  conduc¬ 
tivity  was  tested  according  to  ISO  3915  standard  method.  Samples 
were  cut  into  70  mm  x  10  mm  x  3  mm  size.  When  current  flows 
from  one  side  to  another,  voltage  drop  was  measured  from  the 
middle  of  the  specimen  with  1  cm  electrode-span.  Test  setup  for 
through-plane  measurement  (Fig.  1)  was  prepared  with  gold 
coated-copper  plates  (electrodes)  which  were  protected  by  poly¬ 
vinyl  chloride  (PVC)  covers  and  samples  were  cut  in  the  dimensions 
of  10  mm  x  10  mm  x  3  mm.  GDL  paper  (35  AA)  from  SGL  Carbon 
was  used  to  decrease  the  contact  resistance  between  electrodes 
and  bipolar  plates.  Both  in  through-plane  and  bulk  conductivity 


Fig.  1.  Through-plane  electrical  conductivity  setup. 
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measurements,  current  was  applied  by  Keithley  2400  type  DC  po¬ 
wer  source  and  the  voltage  drop  across  the  specimen  was  measured 
with  Fluke  87  V  True  RMS  multimeter.  To  maintain  good  contact 
between  bipolar  plate  and  the  copper  electrodes,  1  MPa  pressure 
was  applied  in  through-plane  measurements.  Polymer  rich  surface 
layer  which  typical  for  injection  molded  bipolar  plates  was 
removed  by  grinding  grinded  0.1  mm  from  each  side  of  the  sample 
prior  to  through-plane  electrical  conductivity  test. 

Mechanical  stability  of  bipolar  plates  is  an  important  issue 
for  the  battery  application  and  stack  preparation.  Poor  mechanical 
properties  may  shorten  the  life  of  the  battery  and  lead  to 
leakage  problems  inside  the  battery.  To  evaluate  the  mechanical 
properties;  the  prepared  samples  were  tested  according  to  ISO  178 
three-point  bending  test.  2  mm  min-1  flexural  test  speed  was 
applied  by  Universal  testing  machine  Inspekt  Table  50KN  (Hege- 
wald  &  Peschke,  Germany).  The  samples  with  dimensions  of 
60  mm  x  10  mm  x  3  mm  were  conditioned  at  23  °C  and  50%  RH  for 
24  h  before  testing.  Flexural  strength  values  as  well  as  flexural 
modulus  were  measured. 

Supra  55  VP  type  field  emission  scanning  electron  microscopy 
(FE-SEM)  from  company  ZEISS  was  used  to  show  conductive  par¬ 
ticle  dispersion  inside  the  composite.  Samples  were  prepared  with 
liquid  nitrogen  and  they  were  examined  with  high  resolution  in¬ 
lens  detector. 

Rheological  properties  of  the  bipolar  plates  were  examined  by 
Gottfert,  Rheograph  2002,  Capillary  Rheometer.  Apparent  viscosity 
values  (Pa  s)  were  calculated  against  shear  rate  (s-1).  Capillary 
diameter  was  1  mm.  International  standard  of  ISO  11443  was  used 
for  the  rheology  measurement  and  evaluation  of  test  results.  To 
interpret  together  with  rheological  properties,  specific  energy 
input  (SPE)  value  of  each  composite  was  calculated  by  using  process 
parameters  of  twin-screw  extruder  and  following  equation: 

SEI  =  (2*Mmax*/*(n/9550))/(E*m)  (3) 

where;  Mmax  is  the  maximum  torque  for  one  screw  shaft  (90  N  m),  I 
is  the  torque  (%),  n  is  the  screw  speed  (rpm),  E  is  the  gear  drive 
efficiency  (0.96)  and  m  is  the  throughput  rate  (kg  h-1). 

Melting  temperature  (Tm),  Fleat  of  fusion  (A Hm),  crystallization 
temperature  (Tc),  Fleat  of  crystallization  (A Hc)  of  the  composites 
was  measured  by  differential  scanning  calorimetry  (DSC)  analysis 
after  injection  molding.  Samples  were  heated  in  nitrogen  atmo¬ 
sphere  up  to  350  °C,  then  cooled  down  to  25  °C  and  again  heated  up 
to  350  °C  by  10  °C  min-1  temperature  rate.  Crystallinity  of  com¬ 
posites  (Xc)  was  calculated  with  following  equation: 

%XC  =  (AHm  +  AHcold)/  (AH;  (l  -  Wf) )  (4) 

Cold  crystallization  is  an  exothermic  reaction  and  the  heat  of 
cold  crystallization  (AHcoid)  was  subtracted  from  heat  of  fusion. 
Heat  of  fusion  of  100%  crystalline  PPS  was  taken  from  literature  as 
146.2  J  g_1  [10].  Wf  was  defined  as  weight  fraction  of  fillers. 

Corrosion  measurements  were  carried  out  in  Avesta  Corrosion 
cell  (Bank  Elektronik)  with  a  three  electrode  arrangement.  The  bi¬ 
polar  plate  was  used  as  a  working  electrode.  A  platinized  titan  rug 
served  as  the  counter  electrode  and  a  mercury  sulfate  electrode  was 
the  reference.  For  each  measurement  150  ml  of  2  M  sulfuric  acid 
solution  was  used.  Sample  size  was  30  mm  x  30  mm  x  3  mm.  The 
cyclic  voltammetry  (CV)  measurements  were  carried  out  with  a 
Zahner  Electrochemical  Workstation  (IM6ex).  The  CVs  were  carried 
out  with  a  scan  rate  of  5  mV  s_1  and  were  cycled  between  -  1  V  and 
2  V.  For  the  corrosion  tests,  all  samples  were  preconditioned  with 
20  cyclic  voltammograms  of  50  mV  s_1  until  a  relatively  constant 
cyclic  voltammogram  was  achieved.  Subsequently  the  current  was 
interrupted  and  the  open  circuit  potential  (OCP)  was  recorded  for 


30  min.  After  the  pretreatment  and  OCP-measurement  the  corro¬ 
sion  current  was  monitored  while  the  potential  was  changed  from 
the  measured  OCP  value  first  in  the  cathodic  then  in  the  anodic  and 
back  in  the  cathodic  direction.  The  turning  point  of  the  potential  in 
the  cathodic  or  the  anodic  direction  was  when  the  corrosion  cur¬ 
rent  reached  500  pA  cm-2. 

The  3-electrode  setup  was  prepared  to  test  the  electrochemical 
behavior  of  the  bipolar  plates  before  the  cell-tests.  The  aim  was  to 
define  the  width  of  the  potential  window  in  which  the  plates  can  be 
operated  and  to  check  if  they  possess  any  side  reactions  in  the 
vanadium  redox  flow  battery  medium.  In  this  case,  the  bipolar 
plates  were  both  working  and  counter  electrodes  while  mercury / 
mercury  sulfate  was  the  reference  electrode.  Potentiostatic  cyclic 
voltammetry  studies  were  performed  in  a  certain  potential  win¬ 
dow.  For  V2+/V3+  side  the  electrolyte  of  1.6  M  V2(S04)3  in  2  M 
H2S04/0.05  M  H3PO4  and  for  V4+/V5+  side  electrolyte  of  1.6  M 
VOSO4  in  2  M  H2SO4/O.O5  M  H3PO4  were  used.  Each  sample  was 
tested  at  different  scan  rates  (20-40-60-80-100  mV  s-1).  Diffu¬ 
sion  coefficient  (cm2  s-1)  and  heterogeneous  rate  constant  (cm  s-1) 
were  calculated  for  V4+/V5+  side  by  using  derivatives  of  Randles— 
Sevcik  equation  from  the  literature  [11]. 

A  single  vanadium  redox  flow  test-cell  was  constructed  for 
the  evaluation  of  the  produced  bipolar  plates  in  real-battery  me¬ 
dium  [12].  Samples  were  prepared  in  the  dimensions  of 
85  mm  x  60  mm  x  3  mm  and  with  40  cm2  active  area.  For  galva- 
nostatic  charge-discharge  test,  constant  current  was  applied  from 
1  to  4  Ampere  (A)  by  BaSyTec  battery  test  software,  obtained 
voltage  was  controlled  within  0.8  V  and  1.6  V  and  discharge  power 
densities  (mW  cm-2)  as  well  as  energy  efficiency  were  calculated. 

3.  Results  and  discussions 

3.1.  Electrical  conductivity  measurements 

Through-plane  electrical  conductivity  (Fig.  2)  is  the  measure  of 
electron  transfers  in  the  same  direction  of  electron  flow  inside  the 
battery.  However,  in-plane  (bulk)  electrical  conductivity  is  widely 
published  and  considered  as  standard  threshold  for  bipolar  plate 
production.  The  electrical  conductivity  increases  in  both  directions 
by  substitution  of  graphite  with  CNTs  and  by  addition  of  the 
coupling  agent.  Samples  from  S-l  to  S-3  prove  the  positive 
contribution  of  CNTs  to  the  electrical  conductivity  of  highly  filled 
matrices.  CNTs  act  as  bridges  between  graphite  particles  due  to 
their  high  aspect  ratio  13].  This  phenomenon  was  also  visualized 
by  FE-SEM  pictures  of  cryo-fractured  samples.  CNTs  are  seen  as 
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Fig.  2.  Effect  of  CNT  and  coupling  agent  concentrations  on  through-plane  and  in-plane 
electrical  conductivities. 
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dispersed  in  polymer  matrix  which  fills  the  gap  between  graphite 
particles.  It  is  also  observed  that  graphite  particle  size  decreased 
during  processing  (Fig.  3a  and  b). 

CNTs  decrease  the  inter-particle  resistance  between  the  main 
fillers.  The  relatively  low  anisotropic  behavior  obtained  in  the 
electrical  conductivity  measurements  can  be  attributed  to  the  low- 
anisotropy  of  the  chosen  graphite  particles.  The  main  challenge  of 
using  CNTs  is  the  necessity  of  breaking  up  their  agglomerates; 
otherwise  it  is  hard  to  benefit  from  their  unique  electrical  proper¬ 
ties  [14].  To  overcome  this  obstacle,  titanate-based  coupling  agent, 
KR-TTS  was  used.  This  additive  was  responsible  of  decreasing  the 
viscosity  of  the  composite  in  order  to  be  able  to  process  it  easily  in 
the  twin-screw  extruder  and  injection  molding  machine  while 
giving  a  chance  for  better  wetting  of  the  conductive  fillers  by  the 
polymer.  In  parallel  to  this  effect,  the  decreased  overall  viscosity 
helped  the  dispersion  of  fillers,  especially  CNTs,  more  uniformly 
inside  the  matrix.  As  a  result  of  this,  in-plane  and  through-plane 
electrical  conductivities  of  the  composite  S-6  reached  up  to 
70  S  cm-1  and  20  S  cm-1  respectively.  These  values  are  almost  3 
times  higher  compared  to  the  sample  S-3  which  has  the  same 
conductive  filler  amount  but  no  titanate  coupling  agent. 


3.2.  Flexural  strength  test 

The  dispersion  of  CNT  agglomerate  is  also  an  important 
approach  to  improve  mechanical  properties  of  bipolar  plates.  CNTs 
were  chosen  because  of  their  individually  very  high  mechanical 
strength  properties  [14]  but  if  they  are  not  well-dispersed  inside 
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Fig.  4.  Effect  of  CNT  and  coupling  agent  addition  on  flexural  strength  of  bipolar  plates. 


the  polymer  matrix,  this  may  decreases  the  flexural  strength 
values.  When  mechanical  stress  is  applied  during  the  measure¬ 
ment,  if  good  interaction  between  CNTs  and  polymer  is  not  estab¬ 
lished,  agglomerates  may  act  as  stress-concentrations  which  makes 
the  material  more  brittle  [15].  Composites  without  coupling  agent 
(S-l/2/3)  showed  that  the  samples  with  CNTs  have  higher  flexural 
strength  (Fig.  4)  than  only  graphite  filled-PPS.  The  addition  of 
1.25  wt.%  CNT  increased  the  flexural  strength  almost  15%.  When 
more  CNTs  are  introduced  to  the  composite  (S-3),  due  to  the  lack  of 
enough  polymers  to  wet  CNTs,  mechanical  properties  may  start  to 
decrease.  The  lower  flexural  strength  of  samples  with  the  coupling 
agent  can  be  explained  by  the  decreased  concentration  of  PPS 
which  was  substituted  by  KR-TTS  and  that  could  counterbalance 
the  positive  effect  of  CNTs  on  the  mechanical  properties  of  the 
samples.  If  the  minimum  requirement  of  flexural  strength  value  for 
polymer  composite  bipolar  plates  (25  MPa)  [13]  is  considered;  all 
produced  plates  are  highly  above  this  threshold. 

Flexural  modulus  (Table  2)  can  be  used  to  compare  the  brittle¬ 
ness  of  the  composite  materials.  The  higher  the  modulus  value,  the 
more  brittle  is  the  sample.  The  flexural  modulus  values  of  bipolar 
plates  with  the  titanate  additive  are  lower  compared  to  their 
counter  samples  without  the  additive.  Similar  to  the  case  of  flexural 
strength,  decreased  polymer  amount  could  be  the  reason  for  this. 
On  the  other  hand  the  titanate  based  additive  could  also  cause 
softening  of  the  rather  brittle  PPS  polymer. 

3.3.  Capillary  rheometer  analysis 

The  addition  of  carbon  based  fillers  into  polymer  matrix  has 
different  effects  on  the  resistance  of  composites  against  melt  flow. 
This  effect  varies  with  filler  shape,  size  and  concentration  [16].  The 
rheological  behavior  of  the  produced  composites  was  examined  by 
capillary  rheometer  (Fig.  5)  in  a  defined  shear  rate  window.  Com¬ 
posites  with/without  carbon  nanotubes  and  coupling  agent  showed 


Table  2 

Flexural  modulus  of  bipolar  plates. 


Samples 

Flexural  modulus  [MPa] 

St.  dev. 

S-l 

32,887 

4163 

S-2 

38,077 

4141 

S-3 

35,052 

3464 

S-4 

30,463 

1446 

S-5 

29,545 

2027 

S-6 

27,871 

881 

Fig.  3.  a)  and  b)  FE-SEM  pictures  of  cryo-fractured  S-6  sample. 
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Fig.  5.  Effect  of  CNT  and  coupling  agent  addition  on  apparent  viscosity  of  produced 
composites. 

non-Newtonian  behavior.  Carbon  nanotube  filled  sample  (S-3)  had 
an  almost  2  times  increase  in  apparent  viscosity  compared  to  the 
sample  without  CNTs  (S-l).  Higher  surface  area  of  CNTs  gives  a 
chance  for  more  filler— polymer  interaction  which  increases  the 
composite  viscosity.  Beside  increased  viscosity,  chemically  or 
physically  developed  filler  matrix  interaction  is  another  sign  for 
higher  viscosity  values  and  Lafdi  et  al.  showed  that  such  an  inter¬ 
action  is  also  beneficial  for  mechanical  properties  [17].  In  this 
perspective,  capillary  rheometer  results  correlate  well  with  flexural 
strength  values  for  the  samples  S-l  and  S-3. 

Apparent  viscosity  results  showed  that  the  contribution  of 
titanate  based  coupling  agent  to  composites  was  more  like  a 
lubricant  effect  than  coupling  of  fillers  and  polymer  matrix.  By 
addition  of  coupling  agent  to  sample  S-3,  apparent  viscosity 
decreased  (S-6).  This  result  also  correlates  well  with  specific  energy 
inputs  of  extruder  (Table  3).  The  addition  of  coupling  agent  facili¬ 
tated  the  flow  of  the  composite  in  the  extruder  and  lower  torque 
values  were  obtained.  As  it  was  already  mentioned  before  that 
bonding  or  linking  of  filler  and  polymer  should  exhibit  higher  vis¬ 
cosity  values  due  to  hindered  behavior  of  polymer  chains  [18  .  In 
our  case,  titanate  based  additive  may  have  decreased  the  friction 
between  filler— filler  and  filler— polymer  system  which  makes  the 
flow  of  composite  easier. 

3.4.  Differential  scanning  calorimeter  analysis 

Differential  scanning  calorimeter  analysis  (Table  4)  was  per¬ 
formed  to  study  the  effects  of  the  coupling  agent  and  carbon 
nanotubes  on  thermal  behavior  and  crystallinity  of  the  produced 
composite  materials.  Melting  temperature  (Tm),  crystallinity  (Xc), 
heat  of  cold  crystallization  (AHcoid)  and  heat  of  fusion  (A Hm)  were 
calculated  from  the  second  heating  curve.  Heat  of  crystallization 
(A Hc)  and  crystallization  temperature  (Tc)  data  were  obtained  from 


Table  3 

SEI  values  of  PPS  based  composites. 


Samples 

Torque  (%) 

SEI  (kWh  kg"1) 

S-l 

15 

0.35 

S-2 

14 

0.32 

S-3 

16 

0.37 

S-4 

7.5 

0.17 

S-5 

7 

0.16 

S-6 

7 

0.16 

Table  4 

DSC  analysis  results  of  pure  PPS  and  produced  composites. 


SAMPLES 

Tm  (°C) 

AHcdd  a  g-1: 

)  Tc(°C) 

AHcag-’: 

)  Xc(%) 

Pure-PPS 

282.01 

43.70 

17.81 

218.60 

49.91 

42.07 

S-l 

283.96 

8.15 

9.39 

251.19 

13.66 

43.61 

S-2 

283.59 

9.40 

4.72 

251.02 

15.01 

35.10 

S-3 

283.53 

9.23 

8.50 

251.39 

16.55 

44.08 

S-4 

283.50 

7.31 

7.72 

251.61 

12.51 

41.96 

S-5 

282.82 

8.58 

11.26 

251.18 

12.91 

55.40 

S-6 

282.55 

8.71 

10.07 

250.77 

12.58 

52.44 

the  cooling  curve.  All  the  samples  with  conductive  fillers  showed 
slightly  higher  melting  temperatures  than  pure  PPS  (Table  2).  This 
increase  was  between  0.5  and  2  °C.  Conductive  fillers  like  graphite 
and  carbon  nanotubes  may  shift  melting  point  of  composites  due  to 
their  higher  thermal  conductivity.  Those  fillers  control  heat  dissi¬ 
pation  and  retard  the  phase  change  of  the  polymer.  Similar  results 
were  also  observed  by  thermal  gravimetric  analysis  (TGA)  [19].  In 
the  cooling  step,  the  influence  of  fillers  appears  as  changes  in  the 
crystallization  temperatures.  The  produced  samples  have  higher 
crystallization  temperature  than  pure  PPS.  It  can  be  also  interpreted 
as  crystallization  behavior  facilitated  by  fillers  which  may  act  as 
nucleating  agents  [20].  Neither  in  melting  nor  in  crystallization 
temperature  values,  there  was  any  clear  difference  among  different 
composites.  This  could  be  the  explained  by  the  high  filler  content  in 
all  composites. 

In  the  literature,  it  has  been  shown  that  the  comparison  of  heat 
of  fusion  (A Hm)  and  crystallinity  of  composite  (Xc)  are  useful  in¬ 
dicators  to  study  the  interaction  between  the  fillers  and  the  poly¬ 
mer  [21].  Well-established  polymer  filler  interaction  restricts  the 
movement  of  polymer  chains  during  the  melting  process  and  in¬ 
creases  the  necessary  heat  which  should  be  given  to  the  sample.  As 
the  crystallinity  of  composite  was  calculated  by  using  heat  of  fusion 
it  would  be  also  possible  to  get  indirect  explanation  about  poly¬ 
mer-filler  interaction  by  interpreting  crystallinity  results. 

The  slight  difference  in  the  heat  of  fusion  of  the  samples  without 
additive  can  be  attributed  to  the  measurement  and  interpolation 
sensitivity  because  their  melting  temperatures  are  also  close  to 
each  other.  Unexpectedly,  the  samples  with  additive  didn’t  show 
any  increase  in  the  heat  of  fusion  compared  to  their  reference 
samples  without  additive.  The  reason  could  be  the  high  carbon 
content  and  purity  of  conductive  fillers  that  were  used  in  this  study. 
In  the  absence  of  functional  groups  like  hydroxylic,  carboxylic  and 
so  on,  it  is  not  favorable  to  obtain  strong  interaction  between  the 
filler  and  the  polymer.  DSC  analysis  is  made  with  samples  in  the 
weight  of  mg.  Such  low  amounts  can  bring  filler  and  polymer 
concentration  deviations.  When  small  changes  occur  in  the  ho¬ 
mogeneity  of  composite  from  specimen  to  specimen,  this  could 
directly  affect  the  calorimetric  behaviors.  In  this  case,  it  should  be 
also  taken  into  account  that  S-4,  S-5  and  S-6  have  3  wt.%  lower  PPS 
content  than  the  other  samples.  However,  some  of  the  samples 
showed  higher  crystallinity  than  pure  PPS,  according  to  above- 
mentioned  points,  it  would  be  scientifically  more  accurate  to  pro¬ 
pose  that  titanate  based  coupling  agent  actually  increased  the 
filler— filler  interaction  which  is  the  sign  of  higher  electrical  con¬ 
ductivities  but  didn’t  bring  improvement  to  filler-polymer 
interaction. 

3.5.  Corrosion  measurement  and  cyclic  voltammetry 

Corrosion  measurements  (Fig.  6)  were  performed  with  3 
different  bipolar  plates  to  study  the  effect  of  the  carbon  nanotube 
and  the  titanate  coupling  agent  addition.  The  polarization  curves  of 
the  samples  showed  that  all  the  produced  samples  have  similar 
anodic  currents  at  higher  potentials.  The  smooth  peak  of  S-6 
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Fig.  6.  Corrosion  measurement  of  selected  bipolar  plates  in  2  M  H2S04  solution  with 
scan  rate  of  5  mV  s-1. 


around  0.75  V  can  be  the  beginning  of  carbon  corrosion  and/or 
intercalation  of  sulfuric  acid  by-products  between  graphite  layers 
which  causes  its  oxidation  [22].  The  sample  with  the  titanate 
coupling  agent  (S-6)  had  higher  cathodic  currents  than  the  other 
bipolar  plates.  This  result  can  be  concluded  as  either  early  start  of 
hydrogen  evolution  or  possible  reaction  of  H2S04  solution  with  the 
titanate  which  could  lower  the  corrosion  resistance.  Addition  of 
carbon  nanotubes  (S-3)  resulted  in  only  negligible  shifts  of  the 
corrosion  potential  to  more  negative  side  compared  to  graphite- 
based  sample  (S-l)  and  no  significant  difference  was  obtained  in 
the  anodic  or  cathodic  currents. 

As  mentioned  in  the  experimental,  injection  molded  samples 
exhibit  a  polymer  rich  skin  on  the  surface,  which  protects  them 
from  corrosion.  Surface  grinding  of  the  samples  expose  the 
conductive  fillers  directly  to  the  corrosive  medium.  However  this 
step  is  crucial  for  lower  contact  resistances,  its  negative  influence 
should  be  taken  into  account  when  corrosion  measurement  results 
are  interpreted.  The  standard  of  Department  of  Energy,  US  requires 
corrosion  current  densities  lower  than  1  pA  cm-2  [13]  for  the 
application  of  bipolar  plates  in  Fuel  Cells.  However,  this  standard  is 
not  directly  applicable  to  VRFB  due  to  different  electrolytes  and 
operation  principles. 

Fig.  7  shows  cyclic  voltammograms  of  different  bipolar  plates. 
Positive  and  negative  half-cell  analyses  were  performed 


Fig.  7.  Cyclic  voltammograms  of  selected  bipolar  plates  for  the  redox  reactions  of 
V2+V3+  and  V4+/V5+. 


independently.  The  peaks  for  oxidation  and  reduction  reactions 
between  V4+/V5+  are  visible  at  peak  potentials:  1.5  V  and  0.8  V  for 
S-3, 1.4  V  and  0.8  V  for  S-6  and  1.9  V  and  0.5  V  for  S-l  respectively. 
The  sample  without  CNTs  (S-l)  showed  higher  peak  potential 
separation  which  is  an  indication  of  lower  reversibility  but  the 
addition  of  CNTs  and  the  titanate-coupling  agent  made  the  redox 
reactions  more  reversible.  Although,  the  reversibility  was  affected 
positively,  the  peak  separation  potentials  are  over  500  mV  for  both 
S-3  and  S-6  samples.  In  electrochemistry,  some  processes  can  be 
reversible  at  low  scan  rates  and  start  to  deviate  through  irrevers¬ 
ibility  with  higher  scan  rates  [23].  These  reactions  are  called  quasi- 
reversible  and  one  of  the  criteria  for  this  type  of  reactions  is  having 
a  peak  potential  separation,  AFP: 

A Ep  >  59 /n  (mV)  (5) 

n  =  1,  is  the  number  of  electrons  transferred  during  redox  reaction 
of  V4+  and  V5+. 

All  bipolar  plates  can  be  classified  as  quasi-reversible  for  redox 
reaction  between  V4+  and  V5+.  To  evaluate  the  difference  between 
reaction  kinetics  of  bipolar  plates,  their  diffusion  coefficients  and 
heterogeneous  rate  constants  were  calculated  and  given  in  Table  5. 

The  highest  diffusion  coefficients  and  rate  constants  can  be 
found  with  sample  S-6.  Higher  rate  constant  indicates  that  after  a 
change  in  potential,  the  equilibrium  between  oxidation  and 
reduction  is  re-established  quickly.  Diffusion  coefficient  as  well  as 
higher  peak  currents  indicates  improved  redox  reactions  on  the 
surface  of  S-6  compared  to  the  other  composites. 

For  the  reactions  of  negative  half-cell  of  the  battery,  oxidation 
peaks  of  V2+  to  V3+  are  seen  at  potentials  around  0  V  for  all  pro¬ 
duced  bipolar  plates  but  the  reduction  peak  is  insignificant.  The 
reduction  of  V3+  could  be  masked  by  the  hydrogen  evaluation 
which  starts  at  closer  potentials.  According  to  general  outcome  of 
cyclic  voltammogram,  CNT-filled  bipolar  plates  exhibit  higher  peak 
current  densities.  This  may  be  attributed  to  their  higher  electrical 
conductivity  and  to  the  high  surface  area  of  the  CNT  filler. 

3.6.  All-vanadium  redox  flow  battery  cell-test 

Laboratory  scale  vanadium  redox  flow  battery  test  cell  was 
prepared  as  explained  in  the  “Experimental”  section.  10  galvano- 
static  charge-discharge  cycles  were  recorded  per  each  current 
density  from  25  to  100  mA  cm-2  with  an  electrode  area  of  40  cm2. 
Obtained  energy  efficiency  and  discharge  power  density  values 
were  presented  against  current  densities  up  to  56.25  mA  cm-2. 

The  goal  of  the  cell  test  was  to  compare  the  best  produced  bi¬ 
polar  plate  (S-6)  with  commercial  reference  material  to  evaluate  its 
potential  in  all-vanadium  redox  flow  battery.  Cell-tests  for  each 
material  (S-6  and  Schunk)  were  repeated  3  times  with  fresh  bipolar 
plates.  The  results  for  S-6  were  given  separately  (a,  b  and  c)  and  for 
Schunk  each  data  point  has  standard  deviation  even  they  are  very 
low.  Energy  efficiency  values  (Fig.  8)  showed  that  at  lower  current 
densities,  carbon  nanotube  filled  bipolar  plate  (S-6)  shows  perfor¬ 
mance  as  high  as  the  commercial  plate.  Unfortunately,  increasing 
current  density  decreases  energy  efficiency  due  to  increased  ohmic 
loss  inside  the  battery  [24].  Ohmic  loss  for  VRFB  is  related  to  the 


Table  5 

Diffusion  coefficient  and  heterogeneous  rate  constant  of  bipolar  plates  for  the  redox 
reaction  of  V4+/V5+. 


Samples 

D0  (cm2  s  ’) 

k°  (cm  s  1) 

S-l 

2.46E-08 

3.73E-04 

S-3 

7.92E-08 

3.10E-04 

S-6 

9.13E-08 

4.62E-04 
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Fig.  8.  The  energy-efficiency  vs.  current  density  results  of  all-vanadium  redox  flow  cell 
tests  with  S-6  (a,  b  and  c)  and  commercial  bipolar  plates. 

contact  resistance  between  the  graphite  electrode  and  the  bipolar 
plate,  the  individual  electrical  resistivity  of  the  electrode  and  the 
bipolar  plates  and  the  ionic  resistivity  of  the  proton  exchange 
membrane  and  electrolyte  [25].  If  it  is  considered  that  the  only 
difference  between  the  cells  was  the  bipolar  plate  then  ohmic  loss 
can  be  related  to  intrinsic  electrical  resistivity  of  the  plate  and  its 
contact  resistance  with  the  graphite  electrode.  It’s  was  shown  that 
Schunk  FU  4369  bipolar  plate  has  lower  through-plane  electrical 
resistivity  than  S-6  which  facilitates  electron  transfer  even  at 
higher  current  densities  (>50  mA  cm-2).  Moreover,  surface 
grinding  of  S-6  to  remove  polymer  rich-layer  is  supposed  to  be 
helpful  to  decrease  the  contact  resistance  between  graphite  felt  and 
bipolar  but  imperfect  grindings  could  introduce  surface  roughness 
which  weakens  this  contact  and  increases  the  resistance  between 
these  two  components. 

Fig.  9  shows  that  the  vanadium  redox  flow  test  cell  which  was 
prepared  with  S-6  bipolar  plate  reaches  50  mW  cm-2  discharge 
power  density  which  can  be  accepted  as  minimum  threshold  value 
for  VRFB  and  also  possess  higher  discharge  power  densities 
compared  to  Schunk  bipolar  plate.  Fligher  power  density  can  be 
attributed  to  elevated  reaction  rate  on  the  surface  of  electrode  and 
also  to  higher  discharge  voltage  value.  Flowever,  redox  reactions 
occur  on  the  porous  electrode  surface,  still  small  amount  of  those 


Fig.  9.  The  discharge  power  density  vs.  current  density  results  of  all-vanadium  redox 
flow  cell  tests  with  S-6  (a,  b  and  c)  and  commercial  bipolar  plates. 


reactions  may  happen  on  the  bipolar  plate  surface  which  was  also 
shown  by  3-electrode  setup  analyses.  As,  porous  graphite  electrode 
was  the  same  in  both  setups;  the  difference  may  came  from  the 
surface  properties  of  bipolar  plates  itself.  Grinding  of  polymer  layer 
could  make  the  surface  of  S-6  bipolar  plate,  more  favorable 
compared  to  Schunk  FU  4369  to  electrochemical  changes.  As  a 
result,  redox  reactions  of  vanadium  species  may  be  enhanced  on 
carbon-fillers  of  produced  bipolar  plate. 

4.  Conclusions 

This  study  showed  the  potential  of  using  PPS-based  conductive 
composites  as  bipolar  plates  in  all-vanadium  redox  flow  battery. 
Synthetic  graphite  particles  with  lower  anisotropy  were  chosen  to 
minimize  the  filler  orientation  by  applied  shear  during  injection 
molding.  Therefore  the  difference  between  through-plane  and  in¬ 
plane  electrical  conductivities  of  the  produced  composites  was 
relatively  low.  Due  to  the  high  aspect  ratio  and  higher  intrinsic 
electrical  conductivity,  MWCNTs  served  as  bridge  between  graphite 
particles  and  increased  overall  composite  conductivity.  To  improve 
the  dispersion  of  fillers  and  the  flow  behavior  of  the  composite, 
monoalkoxy  titanate-based  coupling  agent  was  used.  Produced 
composites,  besides  their  high  electrical  conductivities  and  good 
mechanical  stability,  also  gave  a  way  to  the  development  of  bipolar 
plates  with  lower  filler  ratios  and  with  bigger  dimensions  due  to 
effectiveness  of  CNT  and  improved  composite  melt  flow  behavior 
respectively. 

Unfortunately,  there  is  no  standard  for  the  corrosion  current 
density  threshold  of  the  bipolar  plates  in  VRFB.  Tafel  plot  showed 
that  produced  bipolar  plates  can  be  operated  between  certain  po¬ 
tentials  without  destructive  surface  reactions  such  as  hydrogen  and 
oxygen  evolutions  or  the  corrosion  of  carbon  based  fillers.  The 
grinding  of  the  polymer  rich  surface  to  reach  lower  contact  resis¬ 
tance  between  graphite  felt  could  have  made  bipolar  plates  rela¬ 
tively  less  protective  against  acidic  medium  and  narrowed  their 
working  potential  window.  In  3 -electrode  arrangement  and  related 
cyclic  voltammetry  studies,  higher  diffusion  coefficient  and  het¬ 
erogeneous  rate  constant  indicated  favorable  redox  reactions  of 
V4+/v5+  on  the  surface  of  CNT  and  titanate  coupling  agent  filled 
sample.  Cell-performance  of  bipolar  plates  proved  them  as  prom¬ 
ising  candidate  to  be  used  in  VRFB  due  to  high  energy  efficiencies  at 
lower  current  densities  and  higher  discharge  power  densities 
compared  to  commercial  bipolar  plate. 
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